al, a2
Exponents in the Engineering components are commonly subjected to prestraining due to manufacturingprocesses (forming operations, straightening, etc.), unintentional overstrains (misuse, accidents, under designs, etc.), and intentional overstrains (proof-testing or autofrettage). All prestraining operations can potentially damage an engineering component due to surface roughening and microcracking and thus reduce the subsequent fatigue life of the component during actual service. However, the prestraining operations can be beneficial to the component and increase its subsequent fatigue life because of cold working (or hardening) within the critical regions of the component and generation of residual stresses with a sign opposite to that of service loading. For accurate fatigue life estimation of the engineering components, the damaging and beneficial effects of prestraining should be properly considered by the fatigue life prediction models.
The influence of prestraining on the fatigue behavior of the nickel-base superalloy, Inconel 718 (IN 718) was investigated by conducting fatigue tests at ambient laboratoryconditions. Inconel 718 is used extensively as a structural material in the aerospace and power generation industries (refs. 1to 4). The baseline fatigue behavior of IN 718 was determined by performing strain-controlled fatigue tests. Fatigue tests were subsequently conducted on specimens prestrained either in tension or compression.In all the prestrained tests development of significant mean stresses was observed. The fatigue lives of the prestrained specimens were estimated with three cumulative damage approaches, both with and without consideration of the effect of mean stress on fatigue life. For each of the six sets of life predictions, the estimated fatigue lives of the prestrained specimens were compared with those observed in the experiments.
ExperimentalDetails
Material and Specimens.inWrought bars of IN 718 (AerospaceMaterial Specification 5663D) with a diameter of 31.8 mm were purchased from the vendor. The composition of the superalloy is shown in table I. The following heat treatment was given to the superalloy by the manufacturer:i) Solution annealing at 954°C for 1hr and water quenching, ii) Aging at 718°C for 8 hr followed by furnace cooling to 621°C, and iii) Aging at 621°C for 10hr. The as-received material contained equiaxed grains with an average grain size of I0 larn.The microstructure and the different phases observed in the as-received material were previously reported (ref. 5) . IN 718 derives its strength mainly from an intermetallic phase, y", which precipitates coherently in the facecentered-cubic matrix with a volume fraction of about 15to 20 percent (refs. 6 to 8). Two other intermetallic phases commonly observed in IN 718 are y' (= 4%voi fraction) and 5 (refs. 6 to 9). The y' phase is also a coherent phase and contributes to the strength of IN 718 (ref. 8) .
Solid, uniform gauge section test specimens with a diameter of 6.3 mm were manufactured from the IN 718°b ars. All the test specimens were polished with the final polishing marks in the longitudinal direction. The following average room temperature tensile properties were exhibited by the as-received IN 718: i) o y 1140MPa; ii) %, 1410MPa; and iii) %RA, 43.3 (or ef, 0.567). At room temperature, IN 718 has high strength as well as moderateductility, and both properties contribute to the fatigue resistance of the alloy.
Test System and Procedures.--All the specimens were tested at room temperature under ambient laboratory conditions. The test system consisted of a computer-controlled (ref. 10) , servo-hydraulic test frame and an axial extensometer with a gauge length of 12.7 ram. Baseline fatigue tests were conducted under total axial strain control. Fully-reversed sinusoidal waveforms with frequencies ranging from 0.1 Hz (at higher strain ranges) to 1.0 Hz (at , lower strain ranges) were used in these tests. In the baseline tests, before applying the full amplitude of the strain, a small fully-reversed elastic strain cycle (Aet = 0.25 percent) was used to obtain the elastic modulus of IN 718. The full amplitude strain was then appliedbeginning with the tensile direction.Cyclic data in the baseline fatigue tests • were acquired at logarithmic intervals and fatigue tests were continueduntil each test specimen separated into two pieces. Fully-reversed fatigue tests were also conducted on specimens prestrainedeither in tension (to 2, 5, or 10percent) or in compression (to 2 percent). Only the lowest prestrain level was used in compression to avoid buckling, which is possible (and was observed)at the higher magnitudeprestrains in compression. Each specimen was prestrained under stroke-controlwith a limit imposed on the strain. After reaching the required strain limit, the specimen was unloaded to zero load under stroke control and the extensometerwas removed and remounted on the specimen. Before starting the fatigue portion of the test, the extensometerwas zeroed to reestablish the gauge length. In all the tests on prestrained specimens, cross-sectionalareas of the specimens after prestraining were used to calculate stresses during the subsequentfatigue portions of the tests. Similar to the baseline fatigue tests, for all the prestrained specimens, the fatigue portion of the test was always initiated in the tensile direction. The cyclic data acquisition scheme and failure definition in these tests were the same as those employed in the baseline tests.
Fatigue Behavior
Baseline Tests.--The baseline fatigue data of IN 718 obtainedfrom the near half-life hysteresis loops are shown in table II. The average value of the elastic modulus, obtained from the initial elastic strain cycle data of the baseline tests, for IN 718 is 216 GPa. The total strain range in each test was separated into elastic and inelastic strain ranges by using elastic modulus and the stress range (eq. (1)).
In all the baseline fatigue tests, IN 718developed compressive mean stresses.However, magnitudes of these mean stresses were relatively small in comparison to the stressranges in the baseline tests (table II) 
The elastic, inelastic, and total strainrange versus fatigue life relations are shown in figure 1 .The slope of the elasticlife line for IN 718 (-0.0547) is very shallow compared that exhibited by most engineering alloys i (-0.12). The fatigue life relation from the baseline tests was used to evaluate the influence of prestraining on the fatigue behavior of IN 718.
Prestrained Tests.--The prestrains imposed on the IN 718 specimens and data from the fatigue portions of the tests, obtained from near half-life hysteresis loops, are shown in table III. As in the case of the baseline tests, the total strainrange was separated into elastic and inelastic parts by using equation (1) . All the prestrained specimens developed significant mean stresses. In general near half-life, the specimens prestrained in tension exhibited tensile°m ean stresses and the specimens prestrained in compression developed compressive mean stresses with a few exceptions. In all tests on prestrained specimens,the mean stresses persisted until failure of the specimens (ref. 11) .
Fatigue data on the prestrained specimens and the baseline fatigue life relation are plotted in figure 2. Prestraining has a detrimental effect on the fatigue life of IN 718 with a few exceptions. The detrimental effect of prestraining is larger at the lowest strain range tested and progressively decreases at higher strain ranges. At the lowest strain range, tensile prestraining reduced the life substantially, whereas compressive prestraining did not significantly influence fatigue life. Since specimens prestrained in tension and compression developed different mean stresses,some of the observed differences in fatigue lives might be due to mean stress effects. The role of mean stress on fatigue life of Inconel 718 is addressed later in the paper.
Life Estimation
Cumulative Damage Models._Three cumulative damage models were used to estimate the fatigue lives of the prestrained specimens. 
The LSLFR is similar to the rule proposed by Burgreen (ref. 19) for thermal ratchetting during temperature cycling. This rule assumes that failure occurs in a prestrained specimen when the summation of the strain fraction and life fraction reaches unity (eq. (5)).
The DCAwas developed by Manson and Halford (refs. 20 and 21) to overcome the load ordering effect that is commonly observed in cumulative fatigue damage tests. This rule assumes that the accumulation of fatigue damage occurs in a nonlinear fashion, and the degree of nonlinearity is a function of the ratio of fatigue lives corresponding to the lowest and the highest load levels. The DCA for a two load level fatigue test is shownin equation (6). = 1
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All the variablesin equations 4 to 6 are defined in the nomenclature section. Note that in equaitons 4 to 6, the accumulation of fatigue damage is completely independent from the life relation that is necessary to establish the fatigue life at each load level. Fatigue Life Estimationwithout Mean Stress Effects.--In estimating the fatigue lives of the prestrained IN 718 specimens initiallythe effect of mean stress on the fatigue life was not considered. In the case of the LDR and DCA the prestraining portion of the test was considered as a quarter cycle (n ! = 0.25) with a strain range equal to twice the magnitude of the prestrain. Therefore, N 1corresponding to this strain range was calculated with , equation 3. In the case of the LSLFR the true inelastic strain offset after prestraining was used to compute the strain fraction in equation 5. In all the life prediction methods, N2correspondingto the fatigue portion of the tests was computed from equaiton 3by using the Aet values listed in table III. The fatigue lives of the prestrained specimens (n2) were then estimated with equations 4 to 6. The results are shown in figure 3 for all the cumulative damage models. The fatigue lives predicted by the LDR and the LSLFR were very similar and were unconservative by up to a factor of 20 compared to the experimentally observed fatigue lives. These unconservative predictions occurred mainly at the lowest strain range in tensileprestrained specimens, most of which developed large tensile mean stresses during the subsequentfatigue loading. The fatigue lives predicted by the DCA were significantly better than those by either the LDR or the LSLFR. FatigueLife Estimation with Mean Stress Effects.--The quantitativeeffect of mean stress (either tensile or compressive) on the fatigue life of the heat of IN 718 investigated in this study has, as yet, not been characterized. However, consideration of mean stress is necessary because tensile mean stress is usually detrimental to fatigue life whereas compressive mean stress might be beneficial. Korth (ref. 4) investigated the applicability of three mean stress models to IN 718 and reported that the parameter proposed by Smith, Watson, and Topper (ref. 22 ) most accurately describedthe behavior of this alloy. Therefore, an attempt was to made to include the effect of mean stress onfatigue life with the Smith-Watson-Topperparameter (SWT).A twin power-law relation was established between SWT and Nf with the baseline fatigue data (table II) for IN 718 (eq. (7)).
om_,etE= A,(N/)'*_+ A2(NI) a2 (7)
c_ gtE = 2.52×I06(Nf)-°.l)') + 2.14×I0S(Nf)-°6s3 Equation (7) and the baseline fatigue data are shown in figure 4 . The SWT was then employed to estimate the fatigue life, N2corresponding to the fatigue loading after prestraining. The computed N2values contain the influence of mean stresses because in SWT the mean stress effect is included through the maximum stress in the hysteresis loop (eq. (7)).
Fatigue lives of the prestrained IN 718 specimens were computed with equations (4) to (6) . For all the life prediction models, the damage from the prestraining was estimated as described earlier. Comparisons of the predicted and observed fatigue lives are shown in figure 5 . As noted earlier, predictions by the LDR and LSLFR were very similar. At the lowest strainrange, the predicted fatigue lives by these two models were unconservative by up to two orders of magnitudecompared to the observed fatigue lives. All methods overestimated the fatigue lives of the lowest strain range tests on compressively prestrained specimens. Among the cumulativedamage methods investigated, the best predictions were obtained with the DCA method.
DISCUSSION
The fatigue life of IN 718 was influenced by both the magnitude and direction of prestraining ( fig. 2) . In general, tensile prestraining was detrimental at all the strain ranges investigated. Compressive prestraining reduced • fatigue lives marginally at the higher strainranges, whereas at the lowest strain range it did not affect the fatigue life. While investigating the deformation and damage mechanisms in IN 718, Kalluri et al. (ref. 5) noted that in the 10 percent tensile prestrained specimen fatigued subsequently at the lowest strain range, deformation was very • inhomogeneous and was confined to a few well-defined slip bands. At the lowest strain range, deformation during the fatigue loading was confined to the deformation bands activated during the tensile prestrain, whereas at the higher strainranges additionaldeformation bands were activated during fatigue. The inhomogeneousdeformation noted at the lowest strain range can increase stress concentration at the intersections of slip bands and grain boundaries and can lead to microcrack initiation. In addition, tensile prestraining can induce microscopic slip steps on the surfaceof the specimen and these slip steps can also serve as microcrack initiation sites during the subsequent fatigue loading. Both of these mechanisms tend to lower the fatigue lives of prestrained specimens due to a reduction in the crack initiation portion of their cyclic lives. Even though the proposed mechanisms can explain the observed reduction in fatigue life due to tensile prestraining they can not explain the apparent lack of influence of compressive prestraining on the fatigue life at the lowest strain range. The deformation and damage mechanisms in specimens subjected to compressive prestraining followed by fatigue remain to be investigated. The observed fatigue lives of the prestrained specimens indicated that significantly detrimental effects of tensile prestraining were experienced mainly in the low strainrange, high cycle fatigue regime ( fig. 2) . Fatigue life predictions by the nonlinear DCA, when the effect of mean stress on fatigue life was not considered, were more accurate than those by the LDR or the LSLFR, especially in the low strain range, high cycle fatigue regime ( fig. 3) . These results suggest that the damages due to prestraining and the subsequent fatigue loading accumulate in a nonlinear manner. In the low strain range, high cycle fatigue regime, tensile prestraining substantially lowers the subsequent fatigue life because N1and N2in equation 6 are significantly different in this regime. In the high strain range, low cycle fatigue regime, N1and N2are of the same order of magnitudeand as a result tensile prestraining does not have a significant influence on the subsequent fatigue life. At the lowest strainrange, among the tensile prestrained specimens, the highest and lowest average fatigue lives were observed for the 10 and 5 percent tensile prestrained specimens, respectively, with the average fatigue life of 2 percent tensile prestrained specimens in between the highest and lowest average lives ( fig. 2) . The observed ordering in the averagefatigue lives of the tensile prestrained specimens can not be predicted from cumulative damage models because they wouldestimate the highest and lowest fatigue lives for the 2 and I0 percent prestrained specimens, respectively, with lives of the 5 percent prestrained specimens in between the two extremes. Further investigation is needed to establish the reasons behind the observed ordering in the fatigue lives of the tensile prestrained specimens.
As mentioned earlier, all the prestrained specimens developedmean stresses of substantial magnitude. The influence of mean stresses on fatigue life is significant in the low strain range, high cycle fatigue regime,where the ratio of inelastic strain range to elastic strainrange in the hysteresis loop is less than 0.1 (ref. 23) . As a result, mean stresses are not expected to significantlyinfluence the fatigue lives of prestrained specimens at the highest and intermediate strain ranges (fig. 2) . However, at the lowest strain range, mean stresses can influence the fatigue lives of prestrained specimens because tensile mean stresses are usually detrimental and compressive mean stresses can be beneficial to fatigue life. The observed reduction in the fatigue lives of tensile prestrained specimens,at least to some extent, is due to the tensile mean stresses developed by most of these specimens (table III) . For instance, in the low strain range, high cycle fatigue regime, the predicted fatigue lives of the tensile prestrained specimens showed improvement for all the cumulative damage models when the effect of mean stress on fatigue life was taken into consideration by the SWT parameter (figs. 3 and 5). However, in the same life regime, the predicted lives of the compressively prestrained specimens,which developed compressive mean stresses,deteriorated for all the models when the effect of mean stress on fatigue life was taken into consideration by the SWT parameter. This observation suggests that the SWT parameter overestimated the beneficial effect of compressive mean stress on the fatigue life of IN 718. Note also that the SWTparameter is inapplicable for fatigue life estimations when o maxis negative. These results clearly indicate that it is necessary to characterizethe effects of both tensile and compressive mean stresses on the fatigue life of IN 718 to facilitate accurateestimation of fatigue life under mean stress conditions.
CONCULSIONS
Fatigue behavior of Inconel 718 superalloy was investigatedby conducting fully-reversed fatigue tests at room temperature. In addition, fatigue tests were also conductedon specimensprestrained either in tension or compression to characterize the influence of prestraining on fatigue life. Fatigue lives of the prestrained specimens were estimated by the Linear Damage Rule, the Linear Strain and Life Fraction Rule, and the Damage Curve Approach. The Smith-Watson-Topper parameter was used to determine the effects of mean stresses on the fatigue lives of the prestrained specimens.
In general, prestraining reduced the fatigue life of Inconel 718. The reduction in life was significant in the low strain range (or high cycle fatigue regime) for the specimens prestrained in tension. At the same strain range, compressive prestraining did not significantly influence the fatigue life. In general, tensile prestraining resulted in the development of tensile mean stresses during fatigue loading, which are detrimental to fatigue endurance, whereas compressive prestraining resulted in the development of compressive mean stresses, which might be beneficial to fatigue endurance.
Fatigue life predictions of the prestrained Inconel 718 by the Linear Damage Rule and the Linear Strain and Life Fraction Rule, when the effect of mean stress on fatigue life was not considered, were essentially similar and were unconservative in the high cycle fatigue regime by up to a factor of 20 compared to the experimentally observed fatigue lives. Life predictions by the nonlinear Damage Curve Approach were more accurate than those by the Linear DamageRule and the Linear Strain and Life Fraction Rule. , All the cumulative damage rules overestimated the fatigue lives of the compressively prestrained Inconel 718 specimens in the high cycle fatigue regime, when the effect of mean stresson fatigue life was included through the Smith-Watson-Topperparameter. Fatigue lives of some of the tensile prestrained specimens were also over predicted by the Linear Damage Rule and the Linear Strain and Life Fraction Rule.
Among the cumulative damage rules investigated, the best fatigue life predictions were obtained by using the nonlinear Damage Curve Approach irrespective of whether the effect of mean stress on fatigue life was considered or disregarded.
This investigation indicated that it was necessary to experimentally characterize the effect of mean stress on the fatigue life of Inconel 718 for accurate fatigue life estimation under cumulative fatigue loading conditions.
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